A novel multi-cell tube with non-collinear outer and inner conical angles (MBCT) is proposed to enhance structural performance under different load conditions. The finite element models (FEMs) are developed and validated by experimental tests. The comparative analysis is carried out to investigate the crashworthiness of different conical structures. The results indicate that MBCT has the most desirable load characteristics and highest energy absorption capacity. Furthermore, parametric studies reveal that large outer conical angle facilitates energy absorption and desirable load characteristics. Large wall thickness, on the other hand, has conflicting effects on crashworthiness since it increases peak crushing force (PCF) but cannot improve special energy absorption (SEA). Crashworthiness assessment of a MBCT crush box in a full vehicle further indicates the merits of energy absorption of double conical structures. The study offers insights on designing energy absorbers that are both weight efficient and reliable under uncertain load conditions. Keywords: double conical structure; crashworthiness; oblique load; energy absorption.
Introduction
Thin-walled metal tubes have been widely applied in automotive, ships and other large scale industrial systems as energy absorbers. They are lightweight, low processing cost, and can absorb kinetic energy in a controlled manner. Collapse mechanisms of thinwalled members with various cross-sections, such as circular (Guillow et al., 2001; Baroutaji et al., 2015) , polygonal (Masoud et al., 2013) , and hat-shaped (Kentaro et al., 2013) , etc. have been extensively investigated using the theoretical prediction (Abbas et al., 2010) , experimental observations (Sharifi et al., 2015) and numerical simulation (Graciano et al., 2009) . To further improve and control the performance of thin-walled tubes, Ram and Pramod (2014) studied the crashworthiness of crush can with and without large deformation mechanism. However, single-cell thin-walled tubes were vulnerable to design objectives that require high structural stability and efficiency. Therefore, multicell thin-walled tubes, owing to constraints between members caused by corner elements (Zhang et al., 2006; attracted the interest in recent years, and it was recognised that multi-cell tubes could further improve energy absorption efficiency (Annisa et al., 2015) .
Though most studies mainly focused on the crushing behaviour of thin-walled tubes under axial impact, real-world impact could occur from all loading directions. In these cases, a bending moment made the structure susceptible to bending dominated deformation. Comparing with pure axial collapsing, bending moment caused significant reduction of absorbed energy. Han and Park (1999) analysed the crush behaviours of square tubes subject to oblique loading, and the mean crush load of oblique loading is less 40% than the mean crush load of pure axial collapse at the critical load angle. Reyes et al. (2002) focused on the quasi-static experiments and numerical simulations of empty tubes, and found that the crush strength of thin-walled tubes decreased appreciably even at small load angle. To improve the innate disadvantage of straight tubes, one of the effective scheme was to adopt tapered tubes for applications with load uncertainties.
Tapered tubes were less likely to fail via global bending. Bryan et al. (2011) preformed the front tapered crush can design, and investigated the crashworthiness by experiment and simulation method. Thambiratnam (2005, 2006 ) studied straight and tapered rectangular tubes subjected to axial and oblique impact, and validated the merits of tapered tubes for their relatively stable mean load-deflection response under dynamic loading. For circular cross-sections, Acar et al. (2011) investigated conical tubes under axial loading and oblique loading. Yong et al. (2014) investigated the crashworthiness of conical tubes by multi-objective optimisation design method. Hui and Xiong (2016) further studied the crashworthiness performance of conical tubes with nonlinear thickness distribution and revealed the potential and benefit of tube shrinking. However, the above-mentioned studies only covered tapered/conical tubes with single wall. To the authors' best knowledge, the potential benefits of adjusting the double-wall with outer and inner conical angle independently has not been examined before, neither have the merits of adopting multi-celled configuration into conical tubes.
To bridge the knowledge gap, a novel multi-cell double-wall conical tube with non-linear outer and inner conical angles (MBCT) is proposed in the present study. The crushing responses of thin-walled tubes under both axial and oblique impact are analysed using the nonlinear explicit finite element (FE) software LS-DYNA. The FE models were first validated with axial compression experiments. Next, we compared MBCT with multi-cell conical tube (MCT), multi-celled bi-tubular straight tubes (MBST) and bi-tubular conical tubes (BCT) for crashworthiness under axial and oblique impact. After revealing the reasons that account for the superior performance of MBCT, we extended the study to understand how varying outer and inner conical angle independently, as well as tube thickness, could influence the structural behaviours. Lastly, we assessed the crashworthiness performance of a MBCT crush box in a full vehicle under oblique loading. Figure 1 (c). The tubes are constrained at the bottom to prevent any translational or rotational movement, while the top of the tubes is subjected to an impact block moving downwards at an initial velocity of 10m/s. The mass of the impact block is 600kg, which in reference of half the mass of a passenger car (Yong et al., 2015) . Oblique loading is realised by placing the normal direction of the impact block at an angle with the axial direction of the tube, which is denoted as load angle θ. As the impact block moves downwards, compression force and bending moment are exerted to the tubes simultaneously. The θ is from 0° to 30° (Guohua et al., 2016) , and four characteristic load angles, 0°, 10°, 20° and 30° are considered in this paper.
Numerical models and validation

Thin-walled tubes under oblique loading
The novel structure is denoted as multi-cell bi-tubular conical tube (MBCT), shown in Figure The geometric dimensions of the four tubes are given in Table 1 . The length of all these tubes L = 200 mm. The outer and inner diameters of the straight tube MBST are the mean diameter of the conical tubes. The thickness range of these tubes t is from 0.8 mm to 2.0 mm. 
Finite element model (FEM)
Finite element models (FEMs) are developed in Figure 2 . The nonlinear explicit finite element code LS-DYNA 971 is used to simulate the crushing behaviours of thin-walled tubes. The tube walls and impact block are meshed with Belytschko-Tsay four-node shell elements with one integration point in the plane (Yong et al., 2014) . The element size of 2 × 2 mm is sufficient to generate numerically reliable results by convergence test. The material for these tubes is aluminium alloy 6061 with the following mechanical properties: density ρ = 2.7 × 10 3 kg/m 3 ; Young's modulus E = 69 GPa; Poison's ratio ν = 0.3; The true stress-strain curve is given in Figure 3 , which is characterised via an elastic linear strain-hardening model MAT_123 in LS-DYNA. In this model, the effect of strain rate is neglected due to the very weak strain rate sensitivity of aluminium alloys . The rigid wall is modelled with rigid material model MAT_20. An automatic single-surface contact is applied to the tubular structures to avoid penetration during deformation. An automatic surface-to-surface contact is chosen to simulate the contact between the tubes and the rigid wall. The static and dynamic friction coefficients are 0.20 and 0.15, respectively. The effective crush distance for all tubes is 150 mm. 
Validation of FE models
To study the crashworthiness of the proposed straight and conical structures, the FEMs must be able to predict the collapse behaviours with good accuracy. Here we considered two bi-tubular structures subjected to quasi-static axial compression. Aluminium alloy 6061 is used to fabricate the two specimens. Quasi-static axial crush test was carried out using Electromechanical Universal Testing Machine with computer control and data acquisition systems. The test was displacement controlled with the top platen of the machine moving vertically downward to compress the specimens. The loading speed was 5 mm/min. The first bi-tubular structure is a double-walled multi-cell straight tube in accordance with the MBST configuration. The specimen was fabricated by wire cut electrical discharge machining (WEDM) technique, as seen in Figure 4 (a).The length of the specimen is 100 mm. The outer and inner diameter are 50 mm and 35 mm, respectively. The thickness is 0.8 mm. The numerical simulation was carried out accordingly. The force-displacement curves and deformed shapes of the specimen from experiment and simulation are very good agreement, as shown in Figure 4 (b) and (c). The second structure is a BCT obtained using turning, as seen in Figure 5 (a). The height of the tube is 150 mm, the bottom outer and inner diameter are 80 mm and 60 mm, respectively. The conical angle is 3 o for both the outer and inner tube. Both tubes are welded to a platen. The force-displacement curves and sequential deformed shapes indicate good agreement between the test and simulation, as shown in Figure 5 (b) and (c). Therefore, the FE models are considered reliable in predicting the crushing behaviours of multiple thinwalled tubes. 
Crashworthiness indicators
To evaluate the performance of energy absorption devices, several crashworthiness indicators are presented as follows:
Energy absorption (EA): The sum of absorbed kinetic energy subjected to impact load, also defined as the area under the load displacement curve (Yong et al., 2012) :
where F(x) is the instantaneous crushing force, and d is the crushing displacement of the impactor. Specific energy absorption (SEA) (Chang et al., 2012) : Energy absorbed per unit mass of a specimen. It is the most important indicator in designing energy absorber by considering minimum weight as objective. SEA can be formulated as:
where m is the total mass of the structure.
Mean crushing force (MCF):
The mean crush force is an indicator of the crush strength of a structure (Yong et al., 2016) . The mean crush force is defined as the total energy absorbed divided by the total deformation, numerically, as follows:
Peak crushing force (PCF): The peak crushing load of a thin-walled structure, which is often considered critical to survival rate of occupants in automotive engineering when impact occurs.
Structural performance under small load angles
As the load angle θ (0° to 30°) is evenly divided into three intervals, the four characteristic load angles (0°, 10°, 20° and 30°) are studied in two groups, depending on the magnitude of bending moment (small load angle range for 0° and 10°, and large load angle range for 20° and 30°). Figure 6 gives the SEA and MCF of four thin-walled tubes under axial and 10° oblique loading. These two characteristic load angles can best reflect the structural performance under primary load directions. Overall, the performance gaps between 10° oblique loading and axial crushing are quite small, in which the maximum degree of drop is 7.3% for SEA, and 5.5% for MCF, meaning that structural performances of these four tubes are not susceptible to a slight change of impact direction. Specifically, both MBCT and MBST perform exceptionally well comparing with the other two. Under axial crushing, SEA and MCF of the two tubes are nearly identical; while for 10° oblique loading, MBCT is only slightly higher in SEA. This indicates the merits of bi-tubular multi-cell cross-sections. In such a design, the outer and inner tube are connected via four internal flanges, forming an internal load transfer network that enables even load distribution across the impacted plane. Also, the high edge connectivity promotes constraints between all the members, enhancing the crush strength of the structure. The other two structures, MCT and BCT, are lesser in both SEA and MCF. Figure 7 , the initial peak force of MBST is very high for axial crushing, implying very high initial elastic responses, then the crushing force stabilises at a high level. Furthermore, the initial peak force is reduced at 10° oblique loading. This shows that the initial elastic response is sensitive to small change of load angle while SEA and MCF are opposite. In conclusion, MBCT is credit with the highest energy absorption capacity and crush strength owing to its bi-tubular cross-section, and desirable load characteristics attributable to its outer conical angle. Figure 10 gives the SEA and MCF of four thin-walled tubes under 20° and 30° oblique loading. Referring to Figure 6 , both SEA and MCF experienced significant drop, indicating that lateral load in general produces lower overall performance of these structures. Here, MBCT is still the most effective energy absorber, preserving the highest energy absorption and crushing strength, followed by MCT and BCT. MBST performs badly as both SEA and MCF are very low. This gives clear evidence that outer conical angle contributes to the superior performance of three conical tubes. Unlike small load angle, when inspecting the gaps between 20° and 30° oblique loading for three conical tubes, a notable further decrease of SEA and MCF is presented. Especially, MBCT suffered the largest drop of 24.1% for SEA and 26.3% for MCF, and BCT experienced the smallest drop of 17.5% for SEA, and 17.7% for MCF. This shows the stiffness of cross-section directly affects energy absorption capability of thin-walled tubes under large load angle. Figures 11 and 12 further illustrate the structural responses with respect to deflection. For three conical tubes, it can be seen from Figure 11 that, as load angle increases, the number of peaks and troughs continues to decrease, so does the crushing force level. This trend is not exhibited in Figure 7 for small load angle range. To visualise the trend, the deformed shapes in Figures 12(a) , (b), (d) and 13(a), (b), (d) show that the number of folds corresponding to θ = 30° is also significantly less than that θ = 20° for all three conical tubes. Also noteworthy is the formation position of the first plastic hinge.
Structural performance under large load angles
For θ=20°, the first plastic hinge initiates at the top of the tube. While for θ = 30°, the formation of first plastic hinge moves downwards, especially for MBCT and MCT. As bending moment increases from the top of the tube to the bottom, and the cross-sectional area expands at the same rate, further down the first plastic hinge is formed, the larger is the lateral stiffness is for the tube. It can be seen in Figures 12(a) , (b) and 13(a), (b) that both MBCT and MCT have high lateral stiffness due to internal flanges. The BCT, on the contrary, has the lowest lateral stiffness due to the absence of internal flanges, as the only constraint comes from the contact between tube walls. Hence progressive folding still takes place from the top. Moreover, it's observed that for conical tubes with higher lateral stiffness, the fluctuations of forces are greater at θ = 30° than at θ = 20°, as seen in Figure 11 (b) for MBCT and MCT. Also, the decrease of SEA and MCF from are more dramatic from θ = 20° to θ = 30°. On the other hand, MBST exhibits completely different crush behaviours under large load angles. As shown in Figure 11 , the load responses can mainly be characterised as one peak crush force followed by quickly diminishing crushing strength. Referring to the deformed shapes in Figures 12(c) and 13(c), the first plastic hinge is formed at the bottom of the tube, then rigid body rotation dominated the remaining deformation. Since the bottom of the tube is constrained, the lateral force applied on the top of the tube generates a bending moment which reaches its peak at the constrained end. Also, the crosssectional area is uniform across the longitudinal direction, hence the plastic hinge first occurs at the bottom. As this is the most ineffective energy absorption mechanism, it should be avoided when designing objectives require stability performance. In summary, the four thin-walled tubes exhibit different structural responses under four characteristic load angles. Overall, MBCT possess the highest crushing strength for all load angles, as well as desirable load characteristics. Specifically, the use of outer conical angle stabilises the structure under large load angle, preserving the preferred progressive folding as the dominant deformation mode. Besides, conical angle causes the force level to rise steadily, eliminating large initial elastic response.
Parametric analysis
The comparison above indicates that merits of the MBCT are further explored, and its superior crashworthiness characteristics can be attributed to main structural parameters, such as conical angle and thickness. To further reveal the implications of these parameters, we respectively investigate the effect of outer conical angle α in relation to inner conical angle β, and the thickness t. In accordance with previous section, the outer bottom diameter is 80 mm, and inner bottom diameter is 60 mm. The length of the tube is 200 mm.
As the outer conical angle α, inner conical angle β are separately determined, to avoid geometric overlap or incorrect typology, the following rules are set forth to govern the feasible angle range of α against β:
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where topo d is the diameter of the top outer tube, and topi d is the diameter of the top inner tube. Besides, various studies pointed out that small conical angle such as 1° to 3° is not effective (Chang et al., 2012) in withstanding oblique loading, hence we narrowed the α angle range of 2° to 8°, and β range of 2° to 7°. The 16 feasible conical angle combinations are given in Table 2 . Table 2 Feasible combinations of outer and inner conical angles
Effect of outer and inner conical angle on energy absorption
The effect of α and β on energy absorption is first examined. FE analysis was carried out for 16 tubes under four characteristic load angles, the results are summarised in Figure 14 . Here, the thickness of all MBCTs is kept constant at 1.5 mm. Specifically, the gap between θ = 0° surface and θ = 10° surface is quite minor, indicating that deviating slightly from axial impact has little effect on energy absorption. When load angle expands to 20°, a moderate gap is witnessed, however the largest gap occurs between the θ = 20° and θ = 30°. This shows that large load angle presents a major challenge to energy absorption. As for the trend of SEA with respect to α, SEA increases with α, in which the ascending trend is especially evident for θ = 30°, as SEA rises sharply when α ≥ 5°. This reveals that α is crucial for energy absorption, and large α is reasonably preferred. The trend of SEA with respect to β is rather difficult to characterise, as SEA exhibits a flat wavy pattern. To understand the effect of α and β in greater detail, the first two columns and last two rows in Table 2 are selected to represent the trend. The results of SEA are shown in Figures 15 and 16 for α and β, respectively. In Figure 15 (a), β is fixed at 6°, and α increases from 3° to 7°; in Figure 15 (b), β is fixed at 7°, and α increases from 3° to 8°. In Figure 16 (a), α is fixed at 3°, and β increases from 2° to 7°; in Figure 16 (b), α is fixed at 5°, and β increases from 4° to 7°. From Figure 15 , as θ increases, SEA drops monotonously. However, the drop rate is closely related to α. From Figure 15(a) , as α increases, the drop rate narrows from 72.3% to 58.4%; from Figure 15 (b), the drop rate narrows from 70.9% to 44.7%. These shows that larger conical angle promotes the stability of energy absorption under uncertain load conditions. Inspecting the ascending characteristics for these two cases, as α increases, the SEA gradually converges when θ is between 0° and 20°; but diverges when θ = 30°. This is a desirable characteristic as retaining proper energy absorption at 30° benefits performance reliability. From Figure 16 , SEA also drops with load angle, but the magnitude of drop does not alter much with the change of β. From Figure 16(a) , as β increases, the degree of drop varies between 66.2% and 73.5%; from Figure 16 (b), the magnitude of drop varies between 67.4% and 74.6%. These shows that though both α and β affect SEA, α is the dominant factor influencing energy absorption. 
Effect of outer and inner conical angle on peak crushing force
In addition to energy absorption, containing the peak load under a safe level is also vital to protect occupant safety. The optimum load-displacement curve should be a ramp function of positive slope to reduce the aggressiveness of the vehicle in low speed impact (Daneshi and Hosseinipour, 2003) . Therefore, we investigated the effect of α and β on PCF for the 16 MBCTs. • When load angle θ increases from 0° to10°, PCF experiences moderate drop when α is small (α < 5°), and slight increase when α is big (α ≥ 5°). More appreciable drop occurs when θ increases to 20° and 30°.
• As α increases, the descending trend of PCF (θ = 0° to 20°) gradually reverses to ascending trend (θ = 30°), due to that PCF increases when α exceeds 5°.
These indicate that both α and β are crucial to PCF. To understand the effect of α and β further, the first two columns and the last two rows in Table 2 are selected, the results are given in Figures 18 and 19 . In Figure 18 (a), β is fixed at 6°, and α increases from 3° to 7°; in Figure 18 (b), β is fixed at 7°, and α increases from 3° to 8°. In Figure 19 (a), α is fixed at 3°, and β increases from 2° to 7°; in Figure 19 (b), α is fixed at 5°, and β increases from 4° to 7°. From Figure 18 , as α increases, PCF first decreases when θ is small, and then increases when θ becomes large. Specifically, for θ = 0°, PCF drops with α and the largest drop occurs between 5° and 6°, reaching 15.6%, as shown in Figure 18 (a); the largest drop for Figure 18 (b) occurs between α = 3° and 5°, reaching 9.4%. For θ = 10° and θ = 20°, PCF fluctuates with respect to α. The maximum degree of drop for θ = 10° is 2.9% and 7.1%, respectively, and 7.7% and 12.0% for θ = 20°. However, when θ increases to 30°, PCF starts to increase with α. From Figure 18 (a), the degree of increase reaches 45.7%; from Figure 20 . The α = 3°, β = 7° MBCT represents cases with small α and large β, as shown in Figure 21 . The α = 8°, β = 7° MBCT represents cases with large α and β, as shown in Figure 22 . The outer conical angle α plays a significant role in three aspects:
• It determines the load response. If α is small, the initial contact area is large, and it expands slowly during crushing, as depicted in Figure 21 . Hence the load response will resemble a straight tube, meaning the peak load is likely to emerge at the beginning of the crushing process; while for large α, the initial contact area is smaller but expands quickly as crush proceeds, as shown in Figure 22 . Hence the initial peak load will be small and the peak load will present at the final stage of the crushing process.
• It affects structural stability with respect to θ. As θ increases, greater lateral load is being exerted and bending moment accumulates from the top of the tube. When α is small, the lateral stiffness is high across the length of the tube, and it is only at the bottom of the tube, where the end has been constrained, that the bending moment becomes large enough to form a plastic hinge. Once the first plastic hinge has been formed, the structure fails prematurely and the rest of deformation is dominated by rigid body rotation. This can be visually observed in Figures 20 and 21 for θ = 30°. On the other hand, when α is large, the bending moment can generate the first plastic hinge without reaching the bottom of the tube, as the lateral stiffness is much lower at the upper part of the tube, shown in Figure 22 for θ = 30°.
• It affects the weight of the tube. Larger α limits the weight of the tube, making it more lightweight. Overall, larger α favours crashworthiness performance of MBCTs considering weight efficiency, energy absorption and load responses.
The inner conical angle β, though it plays a less tangible role, is also important in the following ways:
• it affects the weight of the tubes: larger β increases the weight of the tube, which is negative for weight efficiency.
• along with α, it determines the longitudinal and lateral stiffness of the cross-section, which affects energy absorption and load responses.
However, β is shown to be a secondary factor and its relationship with α is more intricate and cannot be easily characterised. 
Effect of tube thickness
Besides conical angles, thickness is another crucial factor for the crushing strength and weight efficiency of thin-walled tubes. As for MBCTs under oblique loading, it can also affect the deformation mode. Sections 4.1 and 4.2 simulated 16 MBCTs under four characteristic load angles. When θ = 30°, only three MBCTs with thickness of 1.5 mm and α ≥ 7° (α = 7°, β = 6° and α = 8°, β = 6° and α = 8°, β = 7°, corresponding to last two columns of Table 2 ) managed to avoid global bending. As we have learnt that α is the dominant factor for structural stability, we included the α = 6° column (β = 5°,6° and 7°) in Table 2 to see whether altering the thickness can change the structural behaviours of MBCTs. Therefore, in this section we investigated the crashworthiness of those six MBCTs under four characteristic load angles. The selected thicknesses are 1.0 mm, 1.5 mm and 2.0 mm, respectively. (d) and (e) suggest; or be much less effective, meaning the improvement quickly diminishes, as Figure 23 (c) and (f) suggest. In short, increasing tube thickness is generally preferable for improving energy absorption at small load angle range, but it may not deliver a desirable result at large load angle. Figure 24 plots the effect of tube thickness on PCF. Overall, increasing tube thickness elevates PCF across the whole load angle range. Though increasing tube thickness by the increment of 0.5 mm has diminishing benefit to SEA, it picks up PCF quite dramatically for the load angle range of 0° to 20°. As for θ = 30°, PCF drops in generally because most structures fail via global bending, except for Figure 24 (f) where the structure did not fail even for t = 2 mm. From this we can know that increasing tube thickness may not benefit structural crashworthiness, as it may not improve SEA, but it mostly increases the peak force. When tube thickens, the stiffness increases, which leads to a higher crushing force level, including the higher peak force. However, SEA is influenced by many factors, such as material, tube thickness, outer and inner conical angle. Those factors determine the folding mechanism, wavelength, as well as the weight of the structure. Therefore, increasing tube thickness may not certainly benefit SEA. As mentioned above, tube thickness can cause a fundamental shift of deformation mode. To further illustrate its effect on structural stability, Figures 25-27 give the forcedisplacement curves and deformed shapes of α = 6°, β = 6° MBCT and α = 6°, β = 7°
MBCT under axial and 30° oblique load. In the parametric study, where t = 1.5 mm, both these two MBCTs underwent global bending. From Figure 25 two distinct load characteristics are presented for θ = 30°. For t = 1.0 mm, a smooth crushing process still preserves. However, for t = 1.5 mm and 2.0 mm, only one peak force is witnessed at the beginning stage of the crushing, signifying structure failure. This conforms to the deformation modes exhibited in Figures 26 and 27 . In both graphs, smooth progressive folding is presented for t = 1.0 mm, and global bending occurs for t = 1.5 mm and 2.0 mm. To summarise, tube thickness directly affects the folding behaviours of MBCTs under different load angles, hence imposing tangible influence on energy absorption and load characteristics. 
Case study: crashworthiness assessment of a MBCT crush box under oblique loading
Safety regulations such as NHTSA, IIHS, ECE, and NCAP are continuously pushing for higher automotive crashworthiness performance. Especially, with the emphasis on fuel economy, it becomes more challenging to keep the vehicular structure safe and lightweight. Hence, in this section, it is conceived to evaluate the crashworthiness performance of MBCT by comparting with traditional circular column with the same mass through the crash test of a full vehicle FEM of a Honda Accord Sedan using LS-DYNA. The geometric configuration and material of MBCT is in accordance with Section 3, and the diameter of the corresponding circular column is the mean outer diameter of MBCT. The FEM with MBCT crush box consists of 184,810 nodes and 183,889 elements with 230 parts, shown in Figure 28 (a). The length of the vehicle is 4722 mm, and the total mass is 1331 kg. The test vehicle carries a speed of 15 m/s, and the stationary rigid wall is placed at an angle from the moving direction of the vehicle to simulate a 20° oblique crash, as Figure 28 (b) shows. The simulation was completed at 100 ms. To visualise the structural response of the frontal crumple zone, Figure 29 (a) and (b) depict the un-deformed and deformed bumper, crush box and front rail. Three crushing views at 0.05 s, 0.07 s and 0.09 s, respectively are given as Figure 29 . The front rail is distorted inwards in both cases, while the deformation of the crush box exhibits tangible differences. MBCT sustained a stable progressive folding manner despite the rotational movement of its mounting surface, while circular column only folds at the tip, and then bends at the bottom end. As a result, a significant difference in the energy absorption emerged as plotted in Figure 30 . The total energy MBCT absorbed at 0.09s is 73% higher than that of circular column. As more energy is absorbed upfront, lower force impulses are transmitted to the occupant compartment. Overall, the results of the case study are in accordance with the basic conclusion of the research: MBCT is both reliable under oblique loading, and effective in energy absorption. 
Conclusion
This paper investigates the crashworthiness characteristics of four thin-walled tubes under oblique impact loading. The bi-tubular multi-cell cross-section of MBCT has high longitudinal stiffness, making it very efficient in withstanding axial impact, so the MBCT exhibits better crashworthiness than MBCT, MBST and BCT for range of load angle (0° to 30°). Outer conical angle, inner conical angle and tube thickness of MBCT have significant effects on SEA and PCF, especially, outer conical angle not only enhances structural stability, but also produces a desirable load response with a positive slope and eliminated initial peak force under the oblique load conditions. Furthermore, the superiority of MBCT is further confirmed in the oblique impact of a full finite element car model.
